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(54) Abstract Title 

Stents for blood vessels 

(57) A stent for supporting part of a blood vessel and adapted to flex three-dimensionally which stent 
includes a supporting portion around which or within which part of an Intact blood vessel other than a graft 
can be placed so that the stent Internally or externally supports that part and the supporting jaortion of the 
stent is of a shape and/or orientation whereby flow within the vessel Is caused to follow a non-planar curve. 

By maintaining non-planar curvature in the vessel itself, favourable blood flow velocity patterns can be 
achieved through generation therein of 'swirl* flow. Failures in such vessels through diseases such as 
thrombosis, atherosclerosis, intimal hyperplasia or through blockage, kinking or collapse, can be significantly 
reduced. The stent may have a sensor to monitor the vessel's condition.' 
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STENTS FOR BLOOD VESSELS 

This invention is concerned with stents for 
supporting parts of blood vessels. More particularly it is 
concerned with stents as in-situ supporting devices for 
arteries and veins within the vascular system. The term 
'artery' and 'vein' in the singular or plural, refers to the 
vein or artery or a part thereof but excludes any parts 
thereof which is a graft or which has been removed to serve 
as a graft. 

Stents are known devices used in surgery especially 
in vascular surgery for providing physical support to blood 
vessels i.e. they can be used to help prevent 
kinking/occlusion of blood vessels such as veins or arteries 
and to prevent their collapse after dilatation or other 
treatment to maintain their patency. 

It has been proposed that the flow pattern in 
arteries including the swirling pattern induced by their 
non-planar curvature operates to inhibit the development of 
vascular diseases such as thrombosis, atherosclerosis and 
intimal hyperplasia. 

We have now devised an apparatus and technique for 
establishing and/or maintaining physiological curvature, 
including non-planar curvature within blocked, constricted 
or otherwise flow-restricted blood vessels such as arteries 
or veins as defined above. 

By maintaining physiological curvature, which may 
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include non-planar curvature in the blood vessels, 
favourable blood flow velocity patterns can be achieved 
often through generation therein of 'swirl' flow. 

Failures in such vessels through thrombosis, 
atherosclerosis, intimal hyperplasia or other diseases 
leading to blockage or due to kinking or collapse, can be 
significantly reduced. 

According to this invention there is provided a 
stent for supporting part of a blood vessel, such as part of 
an intact vein or artery within the vasculature, which stent 
includes a supporting portion around which or within which 
part of that blood vessel can be placed so that the stent 
internally or externally supports that part and the 
supporting portion of the stent is of a shape and/or 
orientation whereby flow within the vessel is caused to 
follow a physiologically appropriate curve which may be non- 
planar. 

The supporting portion of the stent may be 
fabricated to incorporate means to increase the ability of 
the stent to sustain displacement due to bending and torsion 
so that it may more readily accommodate 

(i) a non-planar curved form; and/or 

(ii) it may be pre- formed to provide an 
appropriate geometry to sustain a more favourable flow in 
the selected vessel after insertion, and/or 

(iii) a geometric arrangement of the junction 
between the stent and branching vessel e.g. artery whereby 



the tangent vector from the centreline of the stent 
intersects the centreline of the host vessel by consequence 
of a symmetric -disposition-of-"the~ stent with respect to the 
host vessel. 

The stent may be of generally hollow tubular shape 
with three dimensional curvature. The stent is particularly 
preferred for use as an in- situ support internally within or 
externally around arteries and veins. 

The stent may take the form of a series of linked 
members forming a tubular frame e.g. an open lattice 
generally tubular framework with discrete openings at each 
end thereof. Alternatively it may take the form of series 
of curved rings joined together. 

A stent may be passed through the interior section 
of a blood vessel, which stent then provides support for 
that part of the blood vessel through which it passes and 
preferably imparts thereby to the vessel a geometry which 
includes non-planar curvature i.e. the vessel part supported 
by the stent can assume and maintain curvature which is non- 
linear. Part of the supported vessel in such embodiments 
thereby acquires a geometry which can be regarded as a part- 
helical or helicoidal curve even if the physical extent of 
the supported vessel is less than one complete turn of a 
helix e.g. less than M or less than M of such a turn. 

A practical embodiment of a non-planar internal 
stent of type (ii) is one fabricated to adopt an 
appropriately helicoidal, helical, part helicoidal, or part- 
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helical form, to provide the required support for the blood 
vessel after its insertion. 

*--In-order -that the-invention may be illustrated, more 
easily understood and readily carried into effect by one 
skilled in this art, reference will now be made to the 
accompanying drawings of preferred embodiments by way of 
non-limiting example only, and in which: 

Figures la to c depict an embodiment of a stent 
shaped to conform the blood vessel in non-planar curvature 
at a site where it is deployed, 

Figure 2 shows an alternative embodiment of a stent. 

Figure 3 shows a configuration of an artery with a 
stent deployed therein. 

Figure 3a is a side view of the Figure 3 
arrangement , 

Figure 4 shows one suitably shaped stent adapted to 
establish and maintain non-planar curvature in an arterial 
part (i.e. part of a whole artery) as shown in Figures 3 and 
3a, 

Figure 4a is a side view of the Figure 4 stent - 
supported artery, 

Figure 5 is an alternative embodiment of an internal 
stent based on a clip of e.g. shape memory alloy. 

Figures 6a and 6b show a part -helical internal 

stent. 

Figure 6c shows the stent of Figures 6a/6b 
internally supporting an arterial part. 
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Figure 7a shows an externally located stent for an 
artery and a sensor for transmitting flow or other data, and 

Ftgure' 7b~sh'ows a""siinilar arrangemie'nf'tcr figure 7a 
but wherein the sensor is located within the supported 
arterial part. 

Referring to figures la to c of the drawings, the 
device shown may be fabricated from a thermosettable 
material, in the form of a hollow tube, the walls of which 
contain numerous openings so that the interior of the artery 
is not fully shielded. 

In particular, figure 1(a) shows the stent before 
thermosetting, whereas figure 1(b) and (c) indicate possible 
configurations whereby prior thermosetting has rendered this 
stent to adopt the shape of a partially coiled, non-planar 
curve. 

The stent is then inserted within the artery to 
ensure the geometrical configuration of the artery to a 
predetermined form in the locality of the stent . 

The stent may be of constant diameter, or tapered, 
as in figure 1(a) to accommodate the common practice of 
deploying a stent in the vicinity of the junction of the 
artery with a parent or daughter artery. The stent may be 
fixed to the artery by sutures (shown arrowed) or to avoid 
trauma to the vessel, may be attached to a clip ring placed 
about the vessel. 

The restraining action of the stent may be 
graduated, by mechanically "tapering" the rigidity of the 
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material: for example, at either end, material may be 
removed or the rigidity reduced by cuttings. An internally 
locatable' stent is also provided which corresponds to the 
external stent just described, however such a stent is 
inserted into the interior of the vessel part rather than 
being placed exterior to the vessel. 

Although intended for the cardiovascular system, 
embodiments of such stents could be incorporated elsewhere - 
e.g. in the gastrointestinal system, bile duct, 
genitourinary system for the "active "stent, this might for 
example be deployed with treatment of incontinence - 

Referring to figure 2 the non-planarity of the 
vessel 4 is attained by supporting it with an external stent 
1, 2 which comprises a longitudinal part section 1 of a 
cylinder, fabricated of a suitable porous biocompatible 
material, which may be of straight or curved section, to 
support that part of the artery 5 in the region of the 
stent, and integral with part section 1, or attached 
securely thereto are a plurality of elongate external 
support members 2, which are fabricated to define an 
internal region 7 of appropriate non-planar geometry- 

The ends 6 of the support members 2 may be secured 
in situ by surgical thread (not shown) or by a fastening 
ring 3 . The stented vessel 4 is located within that 
internal region 7. 

Figures 3 and 3a depict a non-planar configuration 
of stent and artery wherein a stent (artery 5, stent 4) 



having a non-planar curve is surgically attached offset to 
the central portion of the artery 5 in that it is at least 
part ly-fea^igent-i-al— fee -the -artery— see -the -direct ion of flow 
arrow in figure 3a. 

The external stent (1,2) of Figure 2 can be modified 
to support and maintain the non-planar curvature of the 
artery in the Figure 3/3a arrangements, by for example the 
structure as depicted in Figures 4 /4a. Figures 4 and 4a 
have reference numerals which correspond with those used in 
figure 2 described above. 

As shown in Figure 5 an internal stent for 
establishing and/or maintaining non-planar curvature of a 
vessel part comprises a clip 8 which is part coiled or at 
least part helical of shape memory alloy, affixed to a 
cylindrical wire mesh 9. This is an embodiment of a 
torsionally flexible stent. 

Figures 6A and 6B show an alternative embodiment of 
an internal stent, in which the stent 1 is fabricated from a 
linked wire mesh of part helical form. The material used is 
preferably a shape memory alloy to facilitate insertion of 
the stent. Figure 6C shows the stent located in the vessel 
post insertion. The stent 4 surgically attached to artery 5 
has been shown 'transparent- for purposes of illustration, 
to show the internally located, part helical wire mesh stent 
in-situ. 

Referring to Figures 7A and 7B, either internal or 
external stents may incorporate devices which assist in 
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monitoring the condition of either the graft or the host 
vessel or both. 

--In one possible- eTnbodiment~-shown-4-n-~fdgure 7A, an 

external stent 1 incorporates a sensor portion 10 for 
monitoring the condition of the host artery. The sensor 
portion is a ring placed over the host artery 5, attached to 
the tubular stent 1 placed over the graft. The sensor and 
stent may be secured together by means of clips or threads 
during the operation to insert the graft. The sensor 10 may 
incorporate one or several ultrasound probes, or it may 
comprise a coil for use with magnetic resonance imaging. 
The sensor portion may be electrically connected by leads 
11, only partly shown, to a remote module or modules (not 
shown) which incorporate the required power supply, signal 
detection and recording devices for data capture and 
transmission. Some or all of the modules to which the 
sensor is connected may be implanted within the body of the 
person receiving the graft, and incorporate appropriate 
means such as telemetry for transcutaneous data monitoring. 

In a still further embodiment, shown in figure 7B, 
an external stent 1 comprises a fabric or porous structure 
12 attached to several outer supporting members having the 
external appearance of linked rings or discs 13. For a 
portion of the stent, these outer members incorporate a 
sensor device 10a or series of sensors such as miniature 
radio frequency and/or gradient coils for magnetic resonance 
imaging, or ultrasound transducers. The power supply for 
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the sensors, excitation and data monitoring may be as in the 
figure 7A embodiment. Electrical wires 11 connect the 
-sensor devi-ce -l-Oa -to -the appropriate -remote-module or 
modules (not shovm) . 

In another embodiment of an internal or external 
stent the sensor may incorporate a means to detect certain 
chemical markers which are indicative of the condition of 
the flow and/or arteries. It may also contain a means 
whereby a supply of pharmacological agent may be 
administered in situ, for example by being connected to an 
implanted supply of drugs which are caused to be delivered 
by appropriate implanted machinery. 

In other embodiments of an internal or external 
stent, the sensory action of the stent may derive from the 
construction of some or all of the supporting members which 
form the stent. In one such embodiment, the sensory action 
derives from a coil or coils of an electrically conducting 
material wound around the perimeter of the stent or 
interspersed at intervals along the stent which coil or 
coils may be excited by extracorporeal magnetic and/or 
electromagnetic fields, and the signal from the stent 
detected by magnetic coupling with an external detecting 
coil. 
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Stent Geometry and Flow 



SUMMARY 



Loss of patency of stents remains a serious problem. The principal pathology at later times 
is intimal hyperplasia and important sites of its occurrence arc apparently immediately 
upstream and downstream of stents. Most attention appears to have focused on compliance 
niismatch (arterial distensibilily greatly exceeds stent distensibility) as undwlying this 
distribution. However, because stents arc effectively straight cylinders and arteries curve 
three dimensionally, compliance mismatch is also likely to be associated with local distortion 
of arterial geometry and hence distortion of the fiowfidd, with Implications for vessel 
biology and pathology. 

We propose initially in the investigation of this problem ex vivo studies of stent-induced 
distortion of the geometry and flowfield in arteries. Stents will be deployed at a few selected 
sites of non-planar curvature in physiologically pressurised animal arteries and epoxy resin 
casts will be made of the stented vessels. Geometric data obtained by MRI from the casts, 
together with a range of assumed physiological flows, will enable detailed determination of 
the local flowfield including the distribution of wall shear stress by computational (CFD) 
simulations. In some instances moulds of the epoxy resin casts will be perfused and the 
flowfield, measured by MRI, will provide a check on the CFD simulations. 

As a stq) towards remedying the problem of stent-induced distortion of the geometry and 
flowfield in arteries, we propose the deployment of appropriately prc-shaped stents, obtained 
by exploiting the shape-memory properties of nitinol. After their deployment the local 
geometry and flowfield will be studied using the same methods as adopted for control stents. 
The generation of swirling flows and a reduction of the geometric and flowfield distortion 
would encourage further work on the deployment of pre-shaped shape-memory stents and/or 
on the engineering of stents less liable to distort the local geometiy and flowfield. 



1.0 AIMS OF THE PROJECT ' " " 



The principal quesu'ons addressed in the proposed research are: 
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These are sites where compliance mis-match (arteiy distensibility greatly exceeds stent 
distensibility) has been considered to favour the development of intimal hyperplasia. 
However, they are for the same reason (and because arteries curve naturally in three 
dimensions and stents are effectively straight cylinders) also sites where distortion is expected 
of the vascular geometry and, in consequence, of the flowfield, 

2,2 ARTERIAL Geometry and Flow 

The Reynolds number for flowjn large and_ medium-sized human arteries is typically much 
greater than unity, implying that inertial forces dominate over viscous forces. As a insult 
and as implied above, the flowfield Is substantially determined by the local geometry. We 
have recently proposed that the curvature and branching of arteries is commonly non-planar. 
We have proposed furthermore that the flow is commonly swirling in nature and, unlike that 
associated with planar curvature and branching, characterised by a relatively uniform 
distribution of wall shear (Caro et al, 1996; Doorly et al, 1997). 

In the light of these proposals and that intimal hypeiplasia at end-to-side arterial bypass grafts 
affects preferentially regions which experience low wall shear, we have studied the velocity 
field in model planar and non-planar end-to side grafts, using steady laminar flow and 
methods including flow visualisation, MRI and computational fluid dynamics (Sherwin and 
Xamiadakis, 1996). The outstanding findings were much improved mixing within the non* 
planar model at the 'heer, 'floor' and 'toe,' the preferred sites for Intimal hyperplasia, 
(Sherwin et al, 1997). In addition, we found with the non-planar model a marked reduction 
of peak wall shear stress at the 'floor* of the anastomosis and a greatly increased flux of 
velocity into the occluded region proximal to the anastonK)sis. Consequently, wall shear 
stress in the occluded region was higher with the non*planar model than the planar model 
(Sherwin et al, 1998). 

In recent model studies, we have used a physiological non-steady flow and obtained generally 
similar results (Doorly et al, 1998). Moreover, in other recent studies with a model 
incorporating a sharp bend, we have found non-planar geometry apparently to affect the 
location and extent of flow separation and markedly to reduce the unsteadiness of the flow 
(Caro et al, 1998). 

3,0 RESEARCH Proposals 

In view of the foregoing, we propose a programme of research on the effects of stenting 
arteries on the local geometry and flowfield. 

The long-term objective is to assess the effects of arterial stenting on the local geometry and 
flowfield in vivo In animals. As the first phase of the programme, we propose ex vivo 
studies, using excised animal arteries. 

Since assessment of stent-induced distortion of the geometry and flowfield by MRI will 
constitute an important part of the programme, we have carried out some preliminary MRI 
work. This was done in our small-bore scanner with nilinol stents supplied by the Company. 
As shown by the attached note, we have obtained encouraging results both with respect to 
the geometry and the flow. 



3.1 Ex Vivo Studies " " ' 

3.1.1 MRI Studies 
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We have expertise in preparing vascular casts and in studying the geometry and flowfield by 
MRI. Vessel geometry will be determined by preparing epoxy resin casts at physiolo^cal 
transmural pressure; in a few instances casts in different pig preparations will be made at 
systolic and diastolic pressure, to determine static strain over the pulse pressure. After 
setting, the cast will be dissected from tissue and imaged in our small-bore MR scanner. 

For some studies, a latex mould will be made of the epoxy resin cast including inflow and 
outflow connections. The cast will subsequently be extracted and a range of assumed 

physiological flows will be Applied to the mould-replica-of-the-castrthe-geometry and flows 
being measured by MRI. 

3.1.2 Computational Modelling 

We propose to perform computational investigations on stented arterial geometries previously 
imaged by MRI. The geometric data will be derived from MR imaging of the epoxy rean 
casts (Caro et al, 1996). Information on strain over the pulse pressure range will be 
available from casts prepared as described above. For the present research we' do not 
propose to investigate wall mechanical efTects, such as compliance misniatch between the 
stented and adjoining unstented regions. This should be addressed as a separate issue. 

In the first instance, the focus will be on investigating the flow at particular sites of arterial 
stenting (sec above - origins of cocliac, renal and common iliac arteries) to ensure ease of 
imaging and geometric definition, (Subsequently, we propose to consider studies of the 
coronary.) For geometries appropriate to stenting at these locadons, physiological inflow and 
outflow conditions will be prescribed. Stents arc commonly deployed close to sites of 
branching, where the flow is considerably distorted. Furthermore, the flow within the 
stented region may partially or fully reverse during the cardiac cycle. It is proposed 
therefore that a range of flow conditions appropriate to the location of the stent be simulated, 
to assess the sensitivity of the flow within and adjacent to the stent to inflow conditions. The 
flow data derived from MR imaging will provide a check on the CFD. (Doorly et al, 
1997;1998; Sherwin et al, 1998). 

The computations will examine the effects of alterations in arterial geometry due to the 
presence of the stent, particularly with regard to wall shear stress distribution. 
Computational procedures which we have developed will also permit the tracking of blood 
particles such as platelets, so that the effects of transport and residence times of activated 
platelets may be modelled for varying stented geometries. 



3.1.3 Modification of Stents to Lessen Distortion and Improve Flow 
Contingent on local distortion of the geometry and flowfleld being found, corrective 
procedures will l)c attempted. As a first step, use will be made of the shape-memory 
properties of nitinol stents. Stents will be pre-shapcd to assume on deployment an 
appropriate geometry and procedures described above will be used to assess geometric and 
flowfield distortion. 

In subsequent work, consideration may be given to the engineering of stents less likely to 
distort 2D and 3D vascular geometries. 



Current designs of stents are shovm in Figure 8. A 
series of rings are provided in which the material has the 
"fornT o^f^"a~vi[sig~^s^ ring is harnessed~in— ther-a-zimuthai' - 
direction, with occasional link members (see figure 9) which 
join one ring to the next or simple spot welds. 

To incorporate torsional and bending flexibility 
these link members are replaced by elements with a 
considerably greater flexibility; 

The flexibility may be achieved by increasing the 
length of the link member whilst changing their point of 
attachment as in Fig 10, 

Alternatively the link members may be made of an 
appropriate spring like shape. 

In the embodiments of figures 10 and 11, the link 
member is welded at some distance away from closest point, 
and is more flexible by virtue of increased length. 

In the embodiment of figure 12, the link member is a 
wavy or spring coil form (at least in part) so that it has 
greater flexibility. 
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CLAIMS 

A~s tenfe— for^- supporting-part- of—a—bl-ood-vessei— which 

stent includes a supporting portion around which or within 
which part of an intact blood vessel other than a graft can 
be placed so that the stent internally or externally 
supports that part and the supporting portion of the stent 
is of a shape and/or orientation which corresponds to the 
geometry of the vessel whereby flow within the stent- 
supported such vessel can follow a non-planar curve if 
present in the vessel at the site of the stent. 

2. A stent for an intact blood vessel other than a 
graft which is adapted to flex three dimensionally but which 
maintains sufficient torsional flexibility to accommodate 
and maintain in use non -planar curvature present in arteries 
or veins. 

3. A stent as claimed in claim 1 or 2 wherein the 
supporting portion of the stent is fabricated to incorporate 
a non-planar curved form. 

4. A stent as claimed in any preceding claim wherein 
the supporting portion is fabricated to incorporate 

a geometric arrangement of the vessel whereby the tangent 
vector from the centreline of the stent intersects the 
centreline of the vessel by consequence of a symmetric 
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disposition of the stent with respect to the vessel at the 
junction with the stent. 



5. A stent as claimed in any preceding claim which is 
of generally hollow tubular shape with three-dimensional 
curvature . 

6. A stent as claimed in any one of claims 1 to 4 in 
the form of an open lattice generally tubular framework with 
discrete openings at each end thereof. 

7. A stent as claimed in any preceding claim comprising 
a first supporting structure adapted to support or otherwise 
contact part of the vessel, with a secondary supporting 
structure extending away from the first supporting 
structure, but simultaneously capable of supporting the 
vessel part, said secondary structure capable of maintaining 
a vessel part when located therein in non-planar curvature. 

8. A stent as claimed in claim 7 wherein the secondary 
supporting structure comprises a plurality of elongate 
members linked in the region of their ends remote from the 
first supporting structure. 

9. A stent as claimed in claim 7 or 8 wherein said 
elongate members define a curved section whose curvature is 
non-planar. 
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10. A stent as claimed in any preceding claim fabricated 
from a material capable of torsional flexibility, such as 
from shape-^memory alloy. — 

11. A stent as claimed in any preceding claim which is 
for use in supporting a vessel part internally, fabricated 
from a linked mesh or series of linked wire members which is 
coiled or partly coiled or helical or partly helical. 

12. A stent as claimed in any preceding claim in 
combination with a device which assists in monitoring the 
condition of the vessel. 

13. A stent as claimed in claim 12 wherein the device is 
a sensor adapted to transmit a signal responsive to one or 
more internal flow conditions. 

14. A stent as claimed in claim 13 in which the sensor 
is ring-shaped and is electrically connected to a remote 
module incorporating power supply, signal detection and 
recording means. 

15. A stent as claimed in claim 13 or 14 wherein the 
sensor is adapted to transmit signals which can be monitored 
by ultrasound and/or magnetic resonance imaging and/or 
electron spin resonance imaging techniques. 



- 19 



16. A stent as claimed in any one of claims 13 to 15 
wherein the sensor portion forms an integral part of the 
stent and the means of excitation and signal detection are 
entirely extracorporeal. 

17. A stent for supporting part of an intact blood * 
vessel other than a graft which stent includes a supporting 
portion around which or within which part of that blood 
vessel can be placed so that the stent internally or 
externally supports that part, in combination with at least 
one sensor device adapted to assist monitoring the condition 
of the vessel . 

18. A stent as claimed in claim 17 wherein the sensory 
device is adapted to transmit a signal responsive to one or 
more internal flow conditions within the vessel part. 

19. A stent as claimed in claim 17 or 18 wherein the 
sensory device is ring-shaped and is electrically connected 
to a remote module incorporating power supply, signal 
detection and recording means. 

20. A stent as claimed in any one of claims 17 to 19 
wherein the sensory device is adapted to transmit signals 
which can be monitored by ultrasound and/or magnetic 
resonance imaging and/or electron spin resonance techniques. 
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21. A stent as claimed in any one of claims 17 to 20 
wherein the sensory device forms an integral part of the 

— ^stent~-and~the--means-of--^excitat-ion"-and--signa-l~detecti are 
entirely extracorporeal. 

22. A vascular stent capable of insertion into or 
attachment externally to an intact blood vessel other than a 
graft which is adapted to impose non-planar flow therein or 
adopt its configuration in use to the geometry of the blood 
vessel so as to maintain therein any blood flow therein 
which is non-planar. 

23. A stent as claimed in claim 22 in combination with a 
sensor device as defined in any of claims 13 to 21. 
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